Acoustic Daylight is a new technique for creating pictorial images of undersea objects from the acoustic illumination provided by the ambient noise field. As in conventional photography, the directionality of the illumination affects the contrast in the image through the shadows that are cast. Three aspects of the directionality, or anisotropy, of ambient noise in the ocean are discussed in this paper, in the context of Acoustic Daylight imaging: firstly, some observations of the horizontal anisotropy of the ambient noise around Scripps Pier are reported, which indicate that the pier itself is a significant source of noise; secondly, a theoretical model of the acoustic contrast under differing degrees of noise anisotropy is described; and finally, a numerical simulation algorithm that generates Acoustic Daylight images is used to illustrate pictorially the effects of shadowing when the illumination is a representative shallow water noise field.
INTRODUCTION
For many years, anecdotal evidence has indicated that a submarine can be detected acoustically when it lies above the receiver, because it blocks some of the ambient noise created at the sea surface by breaking waves and related processes. Thus, the submarine casts an acoustic shadow, which in principle is detectable since it contrasts with the background noise field. This phenomenon, as a method of detection, was investigated by Flatté and Munk 1 at the suggestion of Dr. Allen Ellinthorpe.
At about the same time, Buckingham introduced the idea that, as the ambient noise field is analogous to daylight in the atmosphere, it should be possible to create pictorial images of objects in the ocean through the acoustic "illumination" provided by the noise. If this process could be demonstrated, there would be a substantial impact both on the design and operation of man-made underwater sensing systems, and on our comprehension of the means by which echolocating marine mammals sense their environment. For man to create such an image, a multi-beam acoustic lens is required to focus the noise scattered by the object, along with appropriate signal processing and a visual display monitor to convert the acoustic information into a visual image. The image on the monitor would have much in common with a conventional photograph, although the resolution would be comparatively poor due to the relatively long acoustic wavelengths. The pixels in the image would show a one-to-one correspondence with the beams formed by the acoustic lens; and the angular beam width, which is a measure of the resolution, would be given approximately by the ratio of the wavelength to the aperture of the lens.
In the first experiment on Acoustic Daylight imaging, conducted off Scripps Pier in the summer of 1991, a single-beam acoustic lens, consisting of a parabolic reflector with a hydrophone at the focus, was used to identify the presence or absence of rectangular targets mounted on the sea floor 2, 3 . The sole acoustic illumination used in the experiment was ambient noise. Over the frequency band from 5 to 50 kHz, the targets were found to be visible, in that the noise level across the band as perceived at the receiver increased by some 3 dB when the targets were placed in the beam. This result was repeatable over a period of three days, and again three months later, after the experiment had been taken down and reassembled.
For various logistical reasons, it was not possible to monitor the directionality of the ambient noise during the first experiment, although it was suspected at the time that the pier is a strong source of noise. Since then, measurements of the anisotropy of the noise field in the horizontal have been conducted, and the original suspicions confirmed: the pier is indeed a strong source of noise, which is both biological (snapping shrimp) and hydrodynamic (wave-breaking around the pilings of the pier) in origin.
To investigate the effects of noise anisotropy on Acoustic Daylight images, two different theoretical approaches have been developed. The first is a wave-theoretic model 4 in which the target is a pressure-release sphere and the acoustic lens is an endfire line array lying along a radial. An expression is developed in the analysis for the acoustic contrast of the target under differing degrees of noise anisotropy. This expression predicts levels of contrast that are consistent with the original observations from the pilot experiment conducted off Scripps Pier. In the second treatment of the problem, a numerical simulation 5 , based on Helmholtz-Kirchhoff scattering and a farfield approximation, produces Acoustic Daylight images of objects with smooth curved surfaces. Changes in shadow structure in response to variations in noise anisotropy are qualitatively evident in these simulated images, and again the theoretical results are consistent with the observations from the pilot experiment.
In this paper, the three aspects of noise mentioned above are discussed more fully: 1) measurements around Scripps Pier; 2) the wave-theoretic model; and 3) the numerical simulation. The common theme here is the anisotropy in the noise field and the effect that it may have on Acoustic Daylight images. Figure 1 shows an example of the ambient noise time series measured off Scripps Pier in the pilot experiment on Acoustic Daylight. Clearly, the noise is highly non-Gaussian, showing sporadic bursts that are characteristic of biological activity and/or wave action. This is consistent with two facts: the pier and immediate surroundings are known to support populations of snapping shrimp; and the concrete pilings are densely covered with crustacea and molluscs, which give rise to the formation of bubbles after the passage of a surface wave. Visually, this bubble formation process can be correlated with audible airborne sound.
THE NOISE FIELD AROUND SCRIPPS PIER
To determine the extent to which the pier is a source of noise, underwater acoustic measurements were performed, north and south of the pier, using a directional hydrophone * operating over the frequency band 8 to 80 kHz. The hydrophone was deployed from the stern of an anchored sailing vessel and rotated mechanically in bearing increments of 30˚. Figure 2 illustrates the configuration of the experiment as well as the results that were obtained. The polar diagrams, showing the noise intensity as a function of bearing and frequency, are centred on the two stations at which the measurements were made. The noise level shown in each polar plot has been normalized to the beamwidth, to eliminate the effect of the frequency dependence of the latter. Thus, in effect, the noise level in a particular direction shown in Figure 2 is that of the equivalent isotropic noise field as determined by an omni-directional sensor. It is apparent from Figure 2 that, across the band, at both stations, the noise from the direction of the pier is approximately 20 dB higher than that from other directions. This would seem to confirm that the pier is a significant, indeed the dominant, local source of sound. In connection with the pilot experiment on Acoustic Daylight, this means that the targets, in all their orientations, were front illuminated. A somewhat analogous situation is found in photography, when the sun is behind the shoulder of the photographer. Front illumination tends to produce rather flat, shadowless images, although in our case it would have ensured a substantial contrast between the targets and the background. 
AN ANALYSIS OF CONTRAST IN ACOUSTIC DAYLIGHT IMAGES
To be more specific about the effects of anisotropy on Acoustic Daylight images, it is necessary to develop a mathematical model of the imaging process. Such a model should include the beamforming properties of the acoustic lens and also allow for variability in the anisotropy of the noise field. Both factors are included in an analytical model of Acoustic Daylight imaging that was developed recently, and which is based on a full wave-theoretic treatment of the scattering from a pressure-release target sphere 4 . An implicit assumption in the analysis is that the imaged object is many wavelengths across (i.e. kb>>1, where k is wavenumber and b is the object radius). Under this condition, the field (Green's function) generated by a single point source and scattered by a target sphere can be expressed explicitly in terms of elementary functions. This new approximation for the Green's function, which is based on a novel asymptotic expansion for a Hankel function, is important to the analysis of the noise problem, for it allows the integrations over the distribution of noise sources to be performed efficiently.
The noise generators themselves are modelled as point impulsive sources populating a band of latitudes on the surface of a sphere of infinite radius, which is concentric with the target sphere. Since the field from a single source is known, the cross-spectral density of the incident and scattered components of the noise field can be specified through the use of Carson's theorem, which handles the statistics, followed by an integration over the source distribution. The maximum and minimum latitudes of the source distribution determine the anisotropy, and hence the cross-spectral density, of the noise field. moderate front illumination Figure 3 . Acoustic contrast of a pressure-release target sphere (kb=60) under different degrees of noise anisotropy. In all three cases, kR=400, where R is the distance between the centre of the sphere and the phase centre of the endfire line array containing (2N+1) elements.
Poorest performance is around 0 dB, as indicated by the shaded region.
The acoustic lens is assumed to be a line array of equidistant sensors aligned along a radial of the target sphere and steered to endfire. Thus, the beam is directed towards the target. The response of the array is obtained by summing the (complex) outputs from the sensors and forming the square of the modulus of the sum. The terms in the sum represent the cross spectral densities of the noise field around the target between all pairs of elements in the array. With the known expressions for these crossspectral densities, the ratio of the scattered to incident noise power at the output of the array can be formulated, a quantity which is defined as the acoustic contrast.
The acoustic contrast provides a measure of the visibility of the target. Figure 3 shows examples of the visibility (defined as the contrast expressed in dB) for differing degrees of anisotropy in the noise as a function of the number of elements in the array. In all three cases the visibility differs from 0 dB, indicating that the target is visible. Under isotropic illumination the visibility is positive and shows a maximum, which occurs when the beamwidth is the same as the angle subtended by the target at the array: a longer array, with a narrower beam rejects some scattered (signal) energy and the visibility goes down, whereas a shorter array with a broader beam accepts more background noise and again the visibility decreases. With strong back illumination the visibility is more or less uniform and negative, indicating that the target is casting a shadow. In the case of front illumination the visibility is weakly positive and increases with decreasing beamwidth. For a specific value of N, say N = 20, the visibility is relatively low because the symmetrical rearward looking beam that is also formed by the line array accepts a relatively large proportion of the incident field, which degrades the performance of the system. In practice, the acoustic lens would be designed with no rearward pointing beam and the visibility under front illumination would be correspondingly improved.
A important conclusion from the analytical model is that the magnitude of the acoustic contrast does not depend strongly on the anisotropy of the noise. Although different degrees of anisotropy introduce various shadowing structures, thus changing the pictorial appearance or "atmosphere" of Acoustic Daylight images, in most cases the images should be visible.
NUMERICAL SIMULATION OF ACOUSTIC DAYLIGHT IMAGES
Numerical simulation is an alternative technique that is complementary to analytical modelling for investigating the effects of noise anisotropy on Acoustic Daylight images. As an exploratory tool, simulation has an advantage over the analytical approach in that the output takes the form of pictorial images which contain many of the features expected in their real counterparts. Such simulated images provide useful visual evidence of the shadowing structure and other effects in Acoustic Daylight images.
A simulation algorithm has been developed which produces computer-generated pictorial images of smooth curved surfaces illuminated by arbitrary distributions of incoherent noise sources 5 . The code is based on the assumption of HelmholtzKirchhoff scattering and a far field approximation. The acoustic reflectivity of imaged surfaces and the bottom are characterized by Rayleigh reflection coefficients. Energy which penetrates the surface of the imaged object or the bottom is neglected. Volume attenuation has been included, and plays an important role in determining the vertical ambient noise directionality at high frequencies. Figure 4 shows an example of a narrow-band simulated Acoustic Daylight image in which colour represents acoustic intensity at a frequency of 50 kHz. Surface noise sources (bright yellow rectangles) are distributed over the surface of a shallow water channel 50 metres deep and the 1m radius steel target sphere is located at approximately mid depth. The bottom of the channel is assumed to be a "fast" fluid sediment, showing a critical angle for sound incident from above.
The reflections of the sea-surface sources that are visible in the surface of the sphere in Figure 4a indicate that the shape of the target is indeed spherical, otherwise the mapping would be distorted differently. The surface sources are also reflected in the sea bed, as dull red rectangular shapes. A shadow is present on the underside of the sphere, which corresponds to the absence of radiation from steep rays reflected from the sea floor: instead of being totally reflected by the bottom interface, such rays penetrate into the sediment and hence are lost to the water column, leaving the shadow shown in the figure. A straightforward geometrical calculation shows that the edge of the shadow corresponds to the critical angle of the bottom boundary. A number of other interesting but more subtle details present in the image are also consistent with the physics of the environment.
Simulations such as the one shown in Figure 4 have proven to be useful as an aid to interpreting Acoustic Daylight images. In particular, it is evident from the simulations that anisotropy in the noise field creates interesting shadowing effects and that, under most reasonable circumstances, visibility of the image is good. As in optical images, shadowing is useful for deriving shape information and, in some situations, provides information on the geo-acoustic properties of the environment.
CONCLUDING REMARKS
Most noise fields in the ocean show some degree of anisotropy, even if only in the vertical, arising from asymmetry between the surface and bottom boundary conditions. In general, any type of anisotropy in the noise field tends to enhance Acoustic Daylight images by increasing the acoustic contrast across the image. Improved contrast corresponds to increased visual information and better visibility.
The degree of acoustic contrast observed in the original experiment conducted in the ocean off Scripps Pier is consistent with the theoretical analysis of Acoustic Daylight imaging and also with the contrast seen in the simulated images from the numerical imaging algorithm. The next step in the Acoustic Daylight development programme is the deployment of a multi-beam acoustic lens in the ocean, to provide real images of 128 pixels. The bandwidth of the new system is 8 to 80 kHz. Each pixel will show an optical colour, corresponding to the frequency dependence of the acoustic reflectivity of the associated point in the object space. A screen refresh rate of 25 Hz is planned, providing the facility for creating moving images.
